Streptococcus uberis is one of the most important causes of bovine clinical mastitis and subclinical intramammary infections.
Previous studies have demonstrated that this microorganism has the ability to enter bovine mammary epithelial cells and may therefore escape antibiotic treatment (2, 21, 25) . S. uberis is susceptible to ␤-lactams, which are the drugs of choice for therapy of infections due to this organism (12) . However, these antibiotics do not penetrate into the cells. By contrast, macrolides and lincosamides are alternative antibiotics that are intracellularly active (11) . In veterinary practice, two lincosamides, lincomycin and pirlimycin (26) , are used to treat mastitis in lactating dairy cattle by intramammary infusion.
Lincosamides, including clindamycin, lincomycin, and pirlimycin, prevent protein synthesis by inhibiting the peptidyltransferase by binding to several nucleotides of 23S rRNA in the 50S subunit of the bacterial ribosome, including the key nucleotide A2058. Streptococci isolated from cows, in particular S. uberis and Streptococcus dysgalactiae subsp. dysgalactiae, have developed resistance to macrolides and/or lincosamides (11, 13, 15, 23) . In streptococci, two major mechanisms are responsible for resistance to lincosamides: alteration of the antibiotic target site, which confers cross-resistance to macrolide, lincosamide, and streptogramin B-type antibiotics (the so-called MLS B phenotype), and enzymatic modification. The latter mechanism, initially reported by Dutta and Devriese to occur in streptococci isolated from bovine mastitis (9) , confers resistance to lincomycin but not to erythromycin (the so-called L phenotype).
Enzymatic modification of lincosamides is due to nucleotidylation of the hydroxyl group at position 3 or 4 of lincosamides. Until now, two lincosamide O-nucleotidyltransferases encoded by the lnu(B) (4, 8, 20) and lnu(C) (1) genes have been reported to occur in streptococci and enterococci. Other lincosamide O-nucleotidyltransferase genes have been detected in staphylococci [lnu(A) and lnu(AЈ)] (5, 6, 19) , in Bacteroides fragilis (linA N2 ) (27) , and in enterobacteria (linF) (17) .
Although the L phenotype of resistance to lincomycin has been reported to occur in S. uberis, the mechanism responsible for this resistance has not been investigated (15, 18) . In this study, we describe a new gene, lnu(D), associated with the expression of borderline resistance to lincomycin in an S. uberis isolate.
MATERIALS AND METHODS
Bacterial strains and antimicrobial susceptibility testing. S. uberis UCN42 was isolated from a case of clinical mastitis in a dairy cow. Preliminary identification of the microorganism was performed using Gram staining, catalase activity detection, and the ID32 strep system (bioMérieux, La Balme-les-Grottes, France). S. uberis was further distinguished from Streptococcus parauberis by PCR amplification and sequencing of the rrs gene (16S rRNA). Escherichia coli K-12 AG100A was used as a recipient strain in electrotransformation or mating experiments (22) . E. coli AG100A is a mutant susceptible to lincosamides resulting from inactivation by transposon Tn903 harboring a kanamycin resistance gene of the AcrAB pump responsible for active efflux of lincosamides (22) .
Antibiotic susceptibility was determined by the disk diffusion and agar dilution methods in Mueller-Hinton agar medium supplemented with 5% horse blood according to the recommendations of Comité de l'Antibiogramme de la Société Française de Microbiologie (CA-SFM) (7) . Disks were from Bio-Rad (Marnesla-Coquette, France). Clindamycin and lincomycin were purchased from Sigma (Saint Quentin Fallavier, France), and pirlimycin was provided by its manufacturer (Pfizer santé animale, Paris, France). Agar media were incubated at 37°C in 5% CO 2. The reference strain Streptococcus pneumoniae ATCC 49619 and the susceptible isolate S. uberis 72 were included as controls. The CA-SFM MIC breakpoints for lincomycin and streptococci are Յ1 g/ml (susceptible) and Ͼ8 g/ml (resistant) (7) .
Lincosamide inactivation. The kinetics of lincomycin inactivation by resting cells of S. uberis UCN42 or E. coli K-12 AG100A transformants was tested in liquid medium as previously described (1) . Bacterial cells were suspended in 0.01 M phosphate buffer (pH 7.0) containing 5 g of clindamycin or lincomycin per ml and were incubated at 37°C for 24 h. The pH of the suspension was monitored and remained constant. Inactivation of clindamycin or lincomycin was followed by a bioassay with Micrococcus luteus ATCC 9341 as an indicator organism.
Modified clindamycin was prepared using conditions optimized for lincomycin. Cells of E. coli AG100A containing the cloned lnu(D) gene were lysed by sonication. Cell debris were removed by centrifugation at 40,000 ϫ g for 45 min. Clindamycin (200 g/ml) was added to the supernatant and incubated at 37°C for 18 h in the presence of ATP (2.5 mM) and MgCl 2 (50 mM). Inactivation of the antibiotic was monitored as indicated above. Aliquots of inactivated clindamycin were freeze dried.
Samples were analyzed by using an electrospray ion trap mass spectrometer (MS) (LCQ Deca XP; Thermo Finnigan, San Jose, CA) coupled online with high-performance liquid chromatography (HPLC; Surveyor LC). They were separated by reverse-phase HPLC on a C 18 capillary column (ThermoHyPurity C 18 ; 150 by 0.18 mm). A linear gradient (flow rate, 5 l/min) of 5 to 95% solution B, where solvent A was a 2 mM ammonium acetate aqueous solution and solution B was a 2 mM ammonium acetate solution in methanol, was used. The electrospray ionization parameters were as follows: spray voltage, 4.5 kV; spray current, 80 A; sheath gas flow rate, 35; auxiliary gas flow rate, 10; capillary temperature, 250°C; capillary voltage, 10 V; and tube lens offset, Ϫ5 V. These parameters were issued from an optimization of the detection of lincomycin. Spectra were acquired in a mode that alternated a full MS scan (mass range, 200 to 1,000; three microscans; maximum ion time, 100 ms), followed by a collision-induced dissociation (CID)-MS2 and a CID-MS3 analysis (three microscans; maximum ion time, 400 ms; collision energy, 35%) of the most abundant ion detected in the previous spectra.
Cloning and sequencing of the lincosamide resistance determinant. Total DNA from S. uberis UCN42 was digested with various restriction enzymes and ligated at 4°C to plasmid pUC18 DNA digested with the corresponding restriction enzymes. Recombinant plasmids were electrotransformed into E. coli AG100A cells, and transformants were selected on media containing lincomycin (5 g/ml), ampicillin (100 g/ml), and kanamycin (20 g/ml). Both DNA strands were sequenced with a CEQ 8000 genetic analysis system sequencer (Beckman Coulter, Villepinte, France). Nucleotide and amino acid sequences were analyzed by using the BLAST and FASTA software available at the National Center for Biotechnology website (http://www.ncbi.nlm.nih.gov/). Multiple-sequence alignments, phylogenetic-tree construction, and a search for conserved motifs were performed with the ClustalW, PHYLIP, and PROSITE programs (available at the Institut Pasteur de Paris website, http://bioweb.pasteur.fr/).
Molecular techniques. Detection of lnu(A), lnu(AЈ), lnu(B), lnu(C), linA N2
, and linF was done by PCR as described previously (1) Plasmid DNA was extracted from S. uberis UCN42, as described previously by Ehrenfeld and Clewell (10) . Enterococcus faecalis containing plasmid pAD1 was used as a positive control for plasmid extraction (10) .
Filter matings. Transfer of lincomycin resistance from S. uberis to the recipient strain S. agalactiae BM132 (susceptible to lincomycin and resistant to rifampin and fusidic acid) (16) was attempted by filter mating, as previously described (4). Transconjugants were selected on brain heart infusion containing rifampin (20 g/ml), fusidic acid (10 g/ml), and lincomycin (2 g/ml). Experiments were repeated three times.
Nucleotide sequence accession number. The nucleotide sequence of the lnu(D) gene has been deposited in the GenBank data library under accession no. EF452177.
RESULTS AND DISCUSSION
Resistance to lincomycin in S. uberis UCN42. By the disk diffusion method, S. uberis UCN42 was found to be intermediately resistant to lincomycin; susceptible to clindamycin, erythromycin, penicillin G, tetracyclines, trimethoprim-sulfamethoxazole, and vancomycin; and resistant to low levels of gentamicin. The MICs of erythromycin, clindamycin, lincomycin, and pirlimycin for S. uberis UCN42 were similar to those for the susceptible isolate S. uberis 72 except for that of lincomycin (2 g/ml), which was 32 times higher (Table 1 ). This phenotype of borderline resistance to lincomycin but susceptibility to erythromycin and clindamycin is similar to that previously described for streptococcal or staphylococcal isolates that contain lnu genes (1, 5). However, we failed to detect by PCR any of the known lnu genes. A lincomycin inactivation bioassay showed that cells of S. uberis UCN42 inactivated clindamycin and lincomycin (data not shown). Therefore, the presence in our strain of a lincosamide resistance gene encoding an inactivating enzyme was presumed. The resistance was not transferable to S. agalactiae BM132 in mating experiments, and no plasmid DNA could be extracted from the strain.
Characterization of the lnu(D) gene. DNA fragments from S. uberis UC8578 restricted by various enzymes were cloned in plasmid pUC18 digested similarly and introduced into E. coli AG100A. Transformants were selected with clindamycin or lincomycin. One of the transformants resistant to ampicillin, kanamycin, and clindamycin and harboring pUC18 with a 1.1-kb SacI insert was studied further. The transformant inactivated lincomycin and clindamycin according to the inactivation bioassay. The DNA insert was entirely sequenced. Analysis of the sequence revealed an open reading frame of 495 bp preceded by a GGAGG sequence similar to the ribosome binding site consensus sequence and separated by 6 bp from the ATG start codon. This open reading frame could possibly code for a 164-amino-acid protein.
Comparison of the deduced sequence with those of proteins showed homology with various lincosamide and aminoglycoside nucleotidyltransferases. The highest levels of homology were with the lincosamide nucleotidyltransferases encoded by the lnu(C) gene from S. agalactiae (GenBank accession no. AY928180), lnu(AЈ) from S. aureus (GenBank accession no. J03947), lnu(A) from S. haemolyticus (GenBank accession no. M14039), and linA N2 from B. fragilis (GenBank accession no. AAF74724) (the identities are 53%, 29%, 33%, and 30%, respectively, and the similarities are 75%, 50%, 
50%, and 50%, respectively). The lnu-related gene of S. uberis UCN42 was thus designated lnu(D).
Lnu(D) was also closely related to a putative aminoglycoside nucleotidyltransferase identified in silico in the genome of Bacillus cereus ATCC 10987 (81% identity) and displayed significant homology with putative aminoglycoside nucleotidyltransferases of Alkaliphilus metalliredigenes QYMF (32% identity), Mycobacterium flavescens PYR-GCK (32% identity), and Streptomyces coelicolor A3(2) (36% identity). So far, neither the functions nor the substrates (lincosamides or aminoglycosides) of these putative enzymes have been characterized.
Furthermore, the N terminus of the Lnu(D) protein was homologous to that of the aminoglycoside (2ЈЈ) nucleotidyltransferase [ANT(2ЈЈ)] spread in enterobacteria and other gram-negative bacilli (24) . Alignment of nucleotidyltransferases revealed the presence of a conserved domain in the N termini of the closely related Lnu and ANT(2ЈЈ) enzymes (Fig.  1) . No specific function could be predicted for this domain (GGWXXDXXXGXXXRXHXDID, where X is any amino acid).
No significant homology was found with lincosamide nucleotidyltransferases Lnu(B) and LinF from Enterococcus faecium on June 27, 2017 by guest http://aac.asm.org/ and E. coli, respectively (GenBank accession no. AF110130 and AJ561197, respectively) or any aminoglycoside nucleotidyltransferase other than ANT(2ЈЈ) [aminoglycoside (4Ј) nucleotidyltransferases, aminoglycoside (6) nucleotidyltransferases, streptomycin (3) nucleotidyltransferase, aminoglycoside (3ЈЈ)(9) nucleotidyltransferase, and aminoglycoside (9) nucleotidyltransferase]. Alignment of nucleotidyltransferases was used to construct a phylogenetic tree (14) . The Lnu enzymes from streptococci [Lnu(C) and Lnu(D)], staphylococci [Lnu(A) and Lnu(AЈ)], and B. fragilis (LinA N2 ) and ANT(2ЈЈ) formed distinct groups (Fig. 2) . Other lincosamide and aminoglycoside nucleotidyltransferases were phylogenetically remote. Among lincos- but not when cells were incubated in the absence of ATP. An HPLC-electrospray ionization chromatogram of the treated samples revealed a major peak eluted at 10.8 min (Fig. 3) . MS analysis of this fraction revealed the dominance of a 754.1-atomic-mass-unit (amu) compound and its Na adduct (ϩ22 amu), which is 329 Da heavier than the original clindamycin, in agreement with adenylylation of clindamycin. Adenylylation of clindamycin was ascertained by the CID-MS2 analysis. The precise site of nucleotidylation of clindamycin was not characterized. Expression of lincosamide resistance. The expression of the multicopy lnu(D) gene in E. coli AG100A resulted in high levels of resistance to both clindamycin and lincomycin (Table  1 ). In the original gram-positive host and in the E. coli transformant, both lincomycin and clindamycin were inactivated. However, resistance to lincomycin only was expressed in S. uberis and resistance to both lincomycin and clindamycin was expressed in E. coli. The reason for the difference in the resistance phenotypes according to the background remains unexplained. Hypothetically, the difference, which was also reported for the lnu(A) and lnu(C) genes (1, 6), might be related to differences in the relative affinities of clindamycin and lincomycin for the ribosomes of gram-positive and gram-negative organisms and for the Lnu(D) enzyme: clindamycin might have better affinity for the gram-positive ribosomes than for Lnu(D). It should be noted that the level of resistance to lincomycin conferred by lnu(D) in S. uberis is much lower than those conferred by lnu(A) in S. aureus and lnu(C) in S. agalactiae (MICs of lincomycin ϭ 16 to 32 g/ml). From a practical point of view, this may lead to difficulties in the detection of lincomycin resistance which is borderline. Furthermore, lincomycin resistance is misidentified when only clindamycin is tested. This is of particular importance for veterinary laboratories since lincomycin is used whereas clindamycin has not been approved for cows. The spread of lnu genes that confer resistance to lincomycin but not to clindamycin and pirlimycin in animal streptococci would lead to establishment of interpretive criteria for the testing of this antibiotic in veterinary laboratories.
The L phenotype has already spread in animal streptococci. In a previous study, Guérin-Faublée et al. demonstrated that 42% of S. uberis strains isolated from clinical mastitis in cows expressed resistance to lincomycin and that, among them, 33% were resistant to lincomycin while remaining susceptible to erythromycin (15) . Further epidemiological studies, including detection of resistance genes, should be conducted to assess more accurately the prevalence of the various mechanisms of resistance to macrolides and lincosamides in streptococci isolated from animal infections.
